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Abstract. The three-dimensional structure of the verte- 
brate skeletal muscle Z band reflects its function as the 
muscle component essential for tension transmission 
between successive sarcomeres. We have investigated 
this structure as well as that of the nearby I band in a 
normal, unstimulated mammalian skeletal muscle by 
tomographic three-dimensional reconstruction from 
electron micrograph tilt series of sectioned tissue. 
The three-dimensional Z band structure consists of 
interdigitating axial filaments from opposite sarco- 
meres connected every 18 _+ 12 nm (mean _+ SD) to 
one to four cross-connecting Z-filaments. Most often, 
the cross-connecting Z-filaments are observed to meet 
the axial filaments in a fourfold symmetric arrange- 
ment. The substantial variation in the spacing between 
cross-connecting Z-filament to axial filament connec- 
tion points suggests that the structure of the Z band is 
not determined solely by the arrangement of a-actinin 
to actin-binding sites along the axial filament. The 
cross-connecting filaments bind to or form a "relaxed 
interconnecting body" halfway between the axial fila- 
ments. This filamentous body is parallel to the Z  band 
axial filaments and is observed to play an essential role 
in generating the small square lattice pattern seen in 
electron micrographs of unstimulated muscle cross sec- 
tions. This structure is absent in cross sections of the 
Z  band from muscles fixed in rigor or in tetanus, sug- 
gesting that the Z band lattice must undergo dynamic 
rearrangement concomitant with crossbridge binding in 
the A  band. 
T 
hE Z band is an identifying feature of striated mus- 
cle. The filamentous Z  band lattice defines either 
end  of the  muscle  sarcomere and  is  essential  for 
force transmission  between  sarcomeres.  It  is  also  likely 
that the Z  band is involved in coordination of contractile 
and elastic forces in muscle. 
At the Z  band the thin filaments, which are composed 
primarily of actin, become linked by a dense net of cross- 
connecting Z-filaments of which ot-actinin is an important 
structural component (Suzuki et al., 1976). The extensions 
of the thin filaments into the Z  band, termed the Z  band 
axial  filaments,  retain  an  actin  core  (Yamaguchi  et  al., 
1983a; Zirnmer and Goldstein, 1987a). A  number of other 
proteins are known components of the Z band and may be 
portions of the axial filaments (Vigoreaux, 1994). It is also 
known  that  a-actinin coats the  surface of the  axial fila- 
ments in the Z band (Zimmer and Goldstein, 1987b). The 
Z  band axial filaments and cross connections form an or- 
dered,  paracrystalline  array  as  seen  in  electron  micro- 
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graphs  of cross  and  longitudinal  sections  from  striated 
muscle. An amorphous matrix material is visible in elec- 
tron micrographs of the Z  band and is believed to fill the 
spaces  between  the  ordered  filamentous  components 
(Kelly and Cahill, 1972; Takahashi and Hattori, 1989). Al- 
though Z  bands from both insect and vertebrate muscle 
contain actin and ct-actinin as major components, the Z 
band paracrystal exhibits different symmetries (threefold 
in cross section versus fourfold) in the two muscle types 
(Knappeis and Carlsen, 1962; Auber and Couteaux, 1963; 
Ashhurst,  1967).  A  3-D  reconstruction of the honeybee 
flight muscle Z band revealed a structure of interdigitating 
axial filaments arranged in triplets with an overall hexago- 
nal symmetry joined by a complex array of five different 
linkages (Cheng and Deatherage, 1989; Deatherage et al., 
1989).  A  later reconstruction of the human nemaline rod, 
a pathologically widened Z band state associated with ne- 
maline myopathy, revealed a much simpler lattice. The ne- 
maline rod was found to exhibit a pseudo-fourfold screw 
symmetry about the axial filament axis, with a single type 
of connecting structure (Morris et al., 1990). 
In longitudinal projections of vertebrate striated muscle 
(i.e., the direction of projection perpendicular to the sar- 
comere  axis),  Z  bands  of varying width  have  been  ob- 
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tional  stacking  of  simple  one-subunit  Z  bands  in  the 
longitudinal direction (Rowe, 1973; Goldstein et al., 1977), 
that is, along the sarcomere axis. The nemaline rod, then, 
would be constructed of 10 or more longitudinal subunits 
while normal Z bands have 2-4. A 3-D reconstruction of a 
very  thin,  one-subunit  Z  band  from fish  white  muscle, 
however, showed an approximate twofold screw symmetry 
with two differing connecting links interior to the Z  band 
(Luther,  1991),  and a  third set of "polar links" at the Z 
band edge. This thin Z band was expected to have a struc- 
ture differing from that of the nemaline rod on the basis of 
a  distinctly different appearance in electron micrographs 
of cross sections. 
In the vertebrate skeletal and cardiac muscle, the 2-4- 
subunit Z band also exhibits an approximate fourfold sym- 
metry in cross-sectional  (parallel  to the  sarcomere axis) 
projection. In mammalian muscle, this fourfold symmetry 
is exhibited in two different structural states of the Z band 
(Reedy, 1964; Fardeau, 1969;  Landon, 1970;  Goldstein et 
al., 1990). The two structural states are called small square 
(ss) 1 and basket weave (bw) on the basis of the differing 
appearance of their cross-sectional projections.  The  two 
lattices exhibit characteristic Z  band spacings as observed 
by electron microscopy, and each lattice form can be cor- 
related with a  different physiological state of the muscle 
(Goldstein et al., 1986,  1987, 1990).  For instance, in rat so- 
leus muscle, Z bands of unstimulated muscle exhibit the ss 
form, while muscles fixed in a state of tetanus exhibit the 
bw form. We have shown that this Z band lattice change is 
reversible in that muscles tetanized  and then allowed to 
relax reveal the ss structure.  Furthermore, the transition 
between Z band structural states requires activation of the 
muscle; it cannot be induced by forces exerted in a passive 
stretch (Goldstein et al., 1987). 
Z band structural changes associated with muscle activa- 
tion have been observed in other laboratories. In an x-ray 
diffraction study of intact fish muscle, Harford et al. (1994) 
observed an activation-induced change in the relative in- 
tensities of x-ray reflections from the I  band/Z band re- 
gion.  This  was  not  accompanied by a  change  in  lattice 
spacing, however. Also, a study of strain-induced skeletal 
muscle failure (Tidball et al., 1993) showed that the break- 
ing strength of the Z band varies with muscle activation. 
We have investigated the 3-D structure of Z bands and I 
bands in unstimulated rat soleus muscle by tomographic 
reconstruction from an electron microscope tilt series of 
longitudinal  sections  rotated  about  the  sarcomere  axis. 
This  tomographic technique  does  not  use  the  crystallo- 
graphic methods  used  in  the  earlier  Z  band reconstruc- 
tions, thus allowing reconstruction of objects of potentially 
differing symmetry such as the Z  and adjoining I  and A 
bands. 
The resulting Z  band structures suggest that regions of 
protein  density  between  the  axial  filaments  must  rear- 
range dynamically during contraction. 
1. Abbreviations used in this paper: bw, basket weave; ss, small square; 
Z-RIB, Z band relaxed interconnecting body. 
Materials and Methods 
Preparation of Muscles 
Sprague-Dawley rats (250-300 g) were anaesthetized by intraperitoneal 
injection of 50 mg kg  -1 of Nembutal (Aldrich Chermical Co., Milwaukee, 
WI). The soleus muscle was dissected and tied to a  wooden applicator 
stick, then removed from the leg and immersed in 2% glutaraldehyde in 
100 mM Pipes buffer for 1 h at pH 7.2 at room temperature. Superficial fi- 
bers were cut into small cubes and returned to fresh fixative for an addi- 
tional 2 h. Tissue samples were then rinsed in buffer for 2 h, postfixed in 
1% osmium tetroxide in Pipes buffer, dehydrated rapidly in ethanol, and 
oriented and embedded in LXll2 resin in flat silastic molds. The cured 
block was subjected to 2 rain microwave radiation in a microwave oven to 
produce more stable specimens for EM. 
Electron Microscopy 
Semithin sections were stained with methylene blue-azure II and were ex- 
amined with the light microscope to  determine quality of fixation and 
proper orientation. Thin sections were cut on an ultramicrotome (MT-2B; 
Porter-Blum Research and Manufacturing Co., Tucson, AZ) by a  dia- 
mond knife. Section thickness was estimated by noting the interference 
color of each section in a ribbon before positioning the ribbon onto the 
grid. Longitudinal sections intended for subsequent tilt series generation 
and 3-D reconstruction were selected for section thicknesses 100-120 nm 
(gold interference color). Cross sections had section thicknesses of 40-60 
nm. For the longitudinal sections, the blocks were oriented with the long 
axis of the myofibers parallel to the knife edge. Z  band width and sarco- 
mere length of these sections were therefore minimally affected by com- 
pression. Colloidal gold beads (10-nm diam) were deposited on selected 
longitudinal sections by immersion. 
Thin sections were examined in an electron microscope (201;  Philips 
Electronic Instruments Co., Mahwah, NJ; or JEM200 CX; JEOL USA 
Inc., Peabody, MA) equipped with a goniometer. Single axis tilt series of 
longitudinal sections were recorded in the range +60 to  -60 degrees in 
1-degree increments at a magnification of 73,000. The tilt axis was approx- 
imately parallel to the myofibril axis. All tilt series specimens were al- 
lowed to stabilize in the electron beam for at least 15 rain before collection 
of the tilt series data. Initial and final micrographs were taken at 0 degrees 
tilt to assess section stability during collection of the tilt series. 
The microscopes were calibrated for all cross and longitudinal sections 
with a carbon grating (Ernest F. FuUam, Inc., Latham, NY). The sarco- 
mere length was measured on longitudinal sections from the same block, 
imaged at  ×3,000-×10,000, enlarged to a  final magnification of at least 
14,000,  and expressed as a mean _+ standard error. Cross section images 
used in another set of experiments (Goldstein et al., 1986) on the same animal 
were used for comparative measurement of the Z and A band spacings. 
Optical Diffraction Analysis 
Eight cross sectional electron micrographs of the same muscle used in 3-D 
reconstruction were selected for measurement of the Z  and A dl0 spacing 
by  optical  diffraction.  Positives  of  these  images  were  reduced  from 
×30,000 to  ×18,000 and used as diffraction subjects, as described previ- 
ously (Goldstein et al., 1986). Lattice dimensions of Z bands and adjacent 
A bands were measured directly from photographic recordings of the dif- 
fraction patterns. The system was calibrated by photographing a  square 
grid of known spacing. No correction was made for section compression. 
Z  spacings and A  band dl0 spacings were  expressed as previously de- 
scribed (Elliott et al., 1967; Davey, 1976)~ 
The contrast transfer function was examined by optical diffraction of 
electron micrograph negatives from the two tilt series to identify regions 
of comparable defocus (Radermacher, 1988; Hawkes, 1992),  Areas show- 
ing occurrence of the first minimum of the phase contrast transfer func- 
tion between 1.5 and 3 nm  -1 were identified. Of these, areas containing a 
Z band were selected for digitization and subsequent 3-D reconstruction. 
Image Processing 
Image processing was done on computers (VAX 11/785;  Digital Equip- 
ment Corporation, Marlboro, MA; and 4D-20 and 4D-25; Silicon Graph- 
ics, Mountain View, CA), using the SUPRIM (Bretaudiere et al., 1988; 
Schroeter and Bretaudiere, 1996) image processing software. Images were 
scanned with a  digitizing camera (78/99;  Eikonix Corp., Bedford, MA) 
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×  1024 ×  12 bit arrays at a pixel size of 0.98 nm. 
2-D image enhancement of the cross section images was performed as 
part of another experiment. The "lattice averaging" algorithm was also 
applied to cross sectional projections of the reconstructed Z bands (Schroe- 
ter et al., 1991), and an orientational search was performed to discover the 
tilt angles giving the best match to the enhanced cross section images. 
3-D reconstruction of the Z band and of the nearby I and A bands was 
performed using weighted back projection techniques (Hoppe  and He- 
gerl, 1980; Radermacher et al., 1987).  First, the digitized tilt series micro- 
graphs were aligned translationally and rotationally using the center of 
mass of 10-20 gold beads (~10 nm diam) as fiducial marks (Lawrence, 
1992; Schroeter and Bretaudiere, 1996).  128 ×  128 pixel images of corre- 
sponding regions were automatically extracted from the set of aligned im- 
ages using software written in-house. Some of the automatically extracted 
images fell outside the transfer function criterion, or were not inside the 
frame on each micrograph in the series. These images were  discarded 
from the tilt series for the region. The remaining tilt series images for each 
region were then padded to 256  ×  256 to avoid aliasing effects, Fourier 
transformed, and weighted in Fourier  space by the  appropriate  "sine" 
function filter (Radermacher et al., 1987).  The images were then inverse 
transformed, unpadded to the original size, and combined into initial 3-D 
reconstructions by back projection. The translational and in-plane rota- 
tional parameters for each projection in the tilt series were refined further 
using a method similar to that of Penczek et al. (1994). After refinement 
of the orientational parameters, the tilt series images were weighted and 
recombined into final 3-D reconstructions. Model Z  and I band lattices in 
the same orientation as that in our reconstructions were projected to form 
test tilt series images. These images were subjected to a small rotational 
and translational misalignment and reconstructed to demonstrate that the 
described procedure successfully reproduced the lattices. 
The resolution of the reconstructions was assessed by back calculation 
from the measured thickness of the reconstructed section (Crowther et al., 
1970) and by calculation of the phase residual (resolution cutoff =  45 de- 
grees) in a spherical shell that included the missing wedge (Frank et al., 
1981).  The final 3-D reconstructions were low-pass filtered to the worst 
case resolution of 5 nm. No correction was made for section compression 
or shrinkage. 
Image Analysis 
The reconstructed volumes were displayed as projections in false color, as 
shaded solids, and  as contoured slices using the SUPRIM  and SYNU 
(Hessler et al., 1992; Schroeter and Bretaudiere, 1996) image display facil- 
ities. The contour level selected for the projected images was that which 
best matched the input electron micrographs. For the shaded solid images, 
the contour level was adjusted to the point at which the axial filaments be- 
came  distinct from  the  surrounding amorphous matrix.  Projections  of 
cross sections through the reconstructions of the Z and I band reconstruc- 
tions were  examincd~ and the Z  band spacings for the reconstructions 
were measured directly on printouts and by examination of power spectra. 
Projections of longitudinal sections through the reconstructions were also 
examined, and the spacing between projected longitudinal filaments was 
measured directly, and where possible, by examination of power spectra. 
Sections taken from the reconstructions were rendered as shaded solids 
in stereo, so that individual axial filaments could be traced through the Z 
band. The distances between successive cross connections to each traced 
axial filament were measured directly on printouts of the rendered ob- 
jects. These data were collected for successive coplanar cross connections 
as well as for orthogonal cross-connecting filaments. Additionally, axial 
filament diameters were measured as the width of the filament profile in 
the (1,0) or (0,1) orientation at the center of the Z band and in the I band 
40 nm from the Z-I boundary. 
Results 
Resolutions 
We have reconstructed six different Z  band regions from 
our one degree increment tilt series of a region containing 
two Z bands. Additionally, six I band regions adjoining the 
Z band were reconstructed from this series. The resolution 
of these reconstructions was estimated from Fourier space 
considerations (Crowther et al., 1970; Frank and Rader- 
reacher, 1986; Radermacher, 1992) as ranging from three 
to five nm. The resolution was also measured by calculat- 
ing the phase residual as in  a  spherical shell in Fourier 
space (Frank et al., 1981). These resolutions ranged from 
3.4 to 13 nm. 
Of the 12 reconstructions of parts of the muscle, not all 
were found to be suitable for structural analysis. Only four 
of the six Z  band reconstructions showed evidence of a 
regularly repeating lattice in cross section, while the other 
two exhibited greater disorder, Of those with a repeating 
lattice, two Z  band reconstructions exhibited resolutions 
>8 nm, leaving two Z  band reconstructions with resolu- 
tions of 4.3 and 3.4 nm that were deemed suitable for anal- 
ysis. Similar attrition effects reduced the number of I band 
reconstructions used in the analysis to four, with resolu- 
tions of'3.4, 4.8, 3.7, and 4.4 nm. Therefore we have low- 
pass filtered the analyzed reconstructions to 5 nm. 
Two-Dimensional Projections 
Fig. 1 shows an electron micrograph of a longitudinal sec- 
tion of the unstimulated rat soleus muscle used for subse- 
quent 3-D reconstruction. The Z  band is ~100 nm wide. 
This corresponds to approximately three of the repeating 
units  seen  in  longitudinal  projections  (Goldstein  et  al., 
1980, 1990), and is characteristic of this fiber type. Sarco- 
mere lengths were measured from a number of longitudi- 
nal sections of this muscle and averaged 2.5  _+ 0.2 p~m. In 
this  and the  subsequent Figs.  2-4, protein appears dark 
against a light background. 
Fig. 2 shows a cross-sectional image from the same mus- 
cle. The projected Z  band lattice in this cross section ex- 
hibits the small square pattern expected in unstimulated 
rat soleus muscle (Goldstein et al., 1986, 1990). In the fig- 
ure, a  small portion of this lattice has been outlined to 
guide the eye. Optical diffraction measurement of the Z 
band lattice dimensions gave a Z spacing of 20.4 _  1.0 nm, 
n  =  24, (mean _  SD), consistent with previous measure- 
ments from electron microscopy (Goldstein et al., 1986). 
A projection of a longitudinal section through one of the 
reconstructed Z bands is shown in Fig. 3 a. This section in- 
cludes regions with the "chevron" or (1,0) orientation of 
the longitudinal Z  band (Goldstein et al., 1977; Morris et 
al., 1990). A power spectrum of this section reveals a longi- 
tudinal spacing of 37.7 nm consistent with measurements 
from EM  longitudinal  sections  (Goldstein  et  al.,  1980). 
Fig.  3  b  shows  the same region from one of the micro- 
graphs used to calculate the reconstruction. Fig. 3 c shows 
a cross-sectional projection taken through the central 40 
nm of the reconstruction shown in Fig. 3 a. A power spec- 
trum of this section gives a Z band lattice spacing of 20.5 
nm, consistent with our previous measurements from elec- 
tron micrograph cross sections exhibiting the small square 
pattern (Goldstein et al., 1986). For comparison, a  simi- 
larly sized region selected from the Fig. 2 micrograph of a 
Z band cross section is shown in Fig. 3 d. In the two cross 
sections, a portion of the lattice has been outlined to guide 
the eye. The outlined lattices are easily visualized by view- 
ing the figure at a  glancing angle.  Note that the recon- 
structed lattice (Fig. 3 c) shows a diamond shaped unit cell, 
while the other lattice (Fig. 3 d) is more square. We have 
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sectional electron micrographs of Z  bands from unstimu- 
lated muscle (Goldstein et al., 1982). Fig. 3 e shows a 2-D- 
enhanced  image of all of the  reconstructed cross section 
displayed in Fig. 3 c produced by lattice averaging. A  simi- 
lar enhancement of the Z  band cross section of Fig. 3 d  is 
shown in Fig. 3 f. The characteristic cross-sectional projec- 
tion of the small square lattice is seen in both figures. In 
these enhanced projections, four axial filaments (X) from 
one sarcomere surround a nearest neighbor axial filament 
Figure 1.  Electron micrograph 
of a longitudinal section of un- 
stimulated  rat  soleus  muscle. 
The black circular objects are 
gold particles that were depos- 
ited on the section for use as fi- 
ducial  marks.  In  this  micro- 
graph, muscle filaments appear 
dark against a light background. 
Bar, 50 nm. 
from  the  opposite sarcomere  (+).  Four cross-connecting 
Z-filaments appear to connect each axial filament to its four 
nearest neighbors. The cross-connecting filaments join or 
overlap in projection at a region of greater density (o) ap- 
proximately halfway between the cross-cut axial filaments. 
Cross Sections of the Reconstruction 
Cross-sectional projections taken through the I  band and 
the Z  band from another set of reconstructions are shown 
Figure 2.  A  digitized electron 
micrograph of a  cross section 
from  the  same  muscle  and 
block as Fig. 1. The Z band ex- 
hibits the  small square  lattice 
pattern  expected  in  unstimu- 
lated  rat  soleus  muscle.  A 
small  portion  of  the  small 
square  pattern  has  been  out- 
lined  to  guide  the  eye.  Once 
again,  protein-dense  regions 
appear  dark  against  a  light 
background. Bar, 100 nm. 
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the  Z  band  and  nearby  I 
band. (a) A longitudinal pro- 
jection of a 30-rim  thick sec- 
tion  through  a  3-D  recon- 
struction of the Z  band and 
nearby I band. (b) For com- 
parison,  an  electron  micro- 
graph  of  the  same  region. 
The  interconnecting  fila- 
ments in the Z  band appear 
more  distinct in  the  thinner 
section from the reconstruc- 
tion.  (c)  A  cross-sectional 
projection taken through the 
central 40-nm  region of the 
reconstruction shown in lon- 
gitudinal projection in a. The 
expected  small  square  ap- 
pearance of the Z  band lat- 
tice is visible in  this projec- 
tion,  and  a  small region  of 
the pattern has been outlined 
to guide the eye. This section 
is tilted so that the longitudi- 
nal projection in a  would be 
seen  by  a  viewer  looking 
down  on  the  reconstruction 
from  the  top  of this  figure. 
(d) For comparison, an elec- 
tron  micrograph  of  a  simi- 
larly sized  and  oriented  re- 
gion  of  the  small  square 
pattern from Fig. 2. (e) A 2-D 
enhanced  image  of  the  re- 
gion of the reconstructed  Z 
band lattice shown in c, pro- 
duced by "lattice averaging". 
(f) For comparison, a similar 
enhancement  of the Z  band 
region  shown  in  d.  In  both 
enhancements,  cross-cut  ax- 
ial  filaments  from  one  sar- 
comere (x) surround axial fil- 
aments  from  the  opposite 
sarcomere  (+).  Cross-con- 
necting  Z-filaments  form  a 
fourfold array in  these pro- 
jections, seeming  to  join  or 
overlap  at  a  region  (o)  be- 
tween the axial filaments. In 
this, as in all other projection 
images, protein appears dark 
against a  white background. 
Bar, 10 nm. 
in Fig. 4. As in Fig. 3 c, these images are projections of the 
reconstruction parallel to the sarcomere axis, and thus cor- 
respond  to  electron  micrograph  of cross  sections  of the 
muscle. The figure displays a  group of cross sections taken 
through the reconstructed Z  band and nearby I band. The 
position  of  a  single  filament  (+)  has  been  followed 
through the sections. Far from the Z  band, the I  band ap- 
pears disordered with little evidence of a fourfold arrange- 
ment of the cross-cut thin filaments in a  20-nm-thick sec- 
tion (Fig. 4 a). Nearer the Z  band (Fig. 4 b), a 20-nm-thick 
I  band cross section exhibits the large-square appearance 
described in previous studies (Landon, 1970; Goldstein et 
al., 1982; Yamaguchi et al., 1985). The gray lines are drawn 
to outline the somewhat distorted large square. Inside the 
Z  band,  a  20-nm-thick  cross  section  exhibits  the  small 
square pattern expected on the basis of previous studies of 
relaxed rat soleus muscle (Fig. 4  c). Here, the  grey lines 
are drawn to emphasize a  small part of the ss lattice. Sur- 
prisingly, patches  of the  ss  pattern  are  visible in  a  thin 
2-nm section (Fig. 4  d) cut from the central region of the 
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jections  of  another  recon- 
struction in parts of the I and 
Z  bands.  A  origin  filament 
(+)  is  indicated  in  all  four 
projections. Unless otherwise 
stated,  the  cross  sections 
were 20 nm thick.  (a) As far 
as 80 nm from the Z band, a 
cross-sectional  projection 
shows little  evidence of four- 
fold symmetry. (b) Nearer to 
the Z band, the I band shows 
patches  of the  large  square 
lattice  pattern  (gray lines). 
(c)  Inside  the  Z  band,  the 
small  square  pattern  is  visi- 
ble.  A  small  region  of this 
pattern has been outlined in 
gray. (d)  In the Z  band the 
small  square  pattern  can be 
observed in sections  as thin 
as 2 nm. The outlined lattices 
may  be  visualized  more 
clearly by viewing this figure 
at a glancing angle. Bar, 10 nm. 
section  shown  in Fig.  4  c.  Thus,  the  small  square  lattice 
pattern can be generated by projection of a  cross section 
much thinner than the ,-~38-nm longitudinal repeat seen in 
optical diffraction studies  of Z  band longitudinal sections 
(Goldstein et al., 1980). 
Shaded Surface Display 
In addition to displaying the reconstructed volumes in pro- 
jection,  we  may  also  render  them  as  solid  objects.  A 
shaded solid rendering of a  14-nm-thick longitudinal  sec- 
tion through one of the reconstructed Z  bands is shown in 
Fig. 5  a.  For comparison,  a  skeletonized  and regularized 
model depicting our interpretation  of the Z  band connec- 
tivity is shown in Fig. 5 b. In these figures, different Z  and 
I band structural elements have been rendered in different 
colors. In Fig. 5 a, vertical axial filaments enter the Z band 
from the top (yellow)  and bottom (orange) of the figure. 
As the axial filaments enter the Z  band, cross-connecting 
Z-filaments  appear  (blue),  and the  axial filaments  some- 
times seem to bend or terminate at the connection points. 
Some of the axial filaments appear to decrease in diameter 
upon entering  the  Z  band  (see  especially the central  or- 
ange filament,  Fig. 5  a).  This  is consistent with the mea- 
sured diameters of 10 +__ 2 nm (n  =  19) in the Z  band and 
14 ___ 4 nm (n  =  20) in the nearby I band. Each axial fila- 
ment continues through the Z band, terminating before or 
at the edge of the I band on the opposite side. It is appar- 
ent that the axial filaments from opposite  sarcomeres in- 
terdigitate in the Z band, as described by several research- 
ers (Knappeis and Carlsen, 1962; Kelly, 1967). Inside the Z 
band,  pairs  of cross-connecting  Z-filaments  (blue)  bind 
most often on opposite sides of each axial filament. There 
are two to four such binding regions along each axial fila- 
ment inside this particular reconstruction.  This figure,  as 
well as Fig. 3, a and b, shows that the connection points for 
the cross-connecting Z-filaments  are displaced  axially on 
successive axial filaments. These points define a line which 
makes an angle of ,'~10 degrees with the horizontal in this 
Z band, so that the cross-connecting filaments do not meet 
the axial filaments  at a  strict 90 degree angle. This offset 
angle is not likely to be the result of section compression, 
since the knife edge was parallel to the myofibril axis and 
thus perpendicular to the plane of the cross-connecting fil- 
aments.  It must  be  noted,  however,  that  the precise  nu- 
merical value for the offset may be affected by compres- 
sion  artifacts.  When nonzero offset angles  are  observed, 
the value may range from ,~5 to N15 degrees. Such values 
for the  offset  angle  have  been  observed  in  longitudinal 
sections of canine cardiac muscle, and in Z rods (Goldstein 
et al., 1977). 
As one travels along a given axial filament inside the Z 
band,  the cross-connecting Z-filaments  are seen  to lie  in 
two  approximately  orthogonal  planes.  These  planes  are 
the planes of projection for the chevron orientations of the 
Z  band, that is, the (1,0) and (0,1) orientations.  Often, the 
orthogonal cross-connecting filaments  join  the  axial  fila- 
ment  near  the  same  point.  Thus,  in  these  regions,  four 
Figure 5.  Shaded solid renderings of sections of 3-D reconstructions of the Z band compared with regularized and skeletonized models. 
(a) A 14-nm thick longitudinal section of one of the reconstructed Z bands shows the interdigitating axial filaments and the cross-con- 
necting Z-filament array. Axial filaments enter the Z band from the top (yellow) and bottom (orange) of the figure. The filaments are 
joined together by cross-connecting Z-filaments (blue) which also connect to the filamentous relaxed interconnecting body or Z-RIB 
(red). In the I band near the top and bottom of the figure, some connections run directly between the axial filaments (magenta). Amor- 
The Journal of Cell Biology,  Volume 133. 1996  576 phous material (gray) obscures the filaments near the bottom corners of this section. (b) A regularized skeletal model showing our inter- 
pretation of the connectivity seen in a. In this model, the ~10 degree axial offset is shown by the blue cross-connections, which run at an 
angle to the horizontal. This angle has been decreased somewhat for clarity. (c) The region of intersection of two 7-nm thick longitudinal 
sections through one of our reconstructions, showing interruptions in the Z-RIB (red). (d) A  model of the region shown in c. The inset 
diagrams the arrangement of the intersecting slabs in c and d. Bar, 10 nm. 
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same or nearly the same cross-sectional plane. Less often, 
only two opposing cross-connecting filaments are seen to 
meet  the  axial  filament.  The  cross-connecting  filaments 
connect to or form a vertical Z band relaxed interconnect- 
ing body (Z-RIB) which lies between the axial filaments 
and is shown in red. Several instances of this body are visi- 
ble in Fig. 5, a and c. Fig. 5 c shows a shaded solid render- 
ing of the region of intersection between two quite thin (7 
nm  thick)  longitudinal  sections  that  are  approximately 
perpendicular to one another. For comparison, a skeleton- 
ized  and  regularized  model  of  the  intersecting  slabs  is 
shown in Fig. 5 d, while the inset diagrams the positions of 
the two intersecting slabs of Fig. 5,  c  and d.  The central 
Z-RIB of Fig. 5  c traverses the full width of the Z  band, 
while  those  to  either  side  exhibit  vertical  interruptions. 
These gaps in  the relaxed interconnecting  body are also 
seen in Fig. 5 a, near the left side of the figure. Also notice 
that the Z-RIB sometimes appears to extend beyond the 
ends of the axial filaments. 
The increased density often observed in the Z  band oc- 
curs in longitudinal projections of our reconstructions de- 
spite a  modest decrease in the diameter of the axial fila- 
ments as they enter the Z. Thus, the increase in projected 
density is seen to be due to the interdigitation of axial fila- 
ments from opposite sarcomeres as well as the presence of 
the  dense net  of cross-connecting Z-filaments associated 
with the relaxed interconnecting body. 
Some cross-connecting filaments joining the I band thin 
filaments are visible near the top and bottom of Fig. 5 (ma- 
genta). These filaments have been previously observed in 
electron micrographs of the I  and Z  bands (Trombitas et 
al., 1988; Tskhovrebova, 1991), and are ubiquitous in our I 
band reconstructions (see below). 
Orientation and Distances between Cross Connections 
in the Z and I Bands 
The distance along the axial filament between cross-con- 
necting Z-filaments lying in the same plane was measured 
for each axial filament. A  histogram of the measurements 
(Fig. 6 a) reveals a pronounced peak for distances <5 nm. 
This peak corresponds to regions where pairs of cross-con- 
necting Z-filaments join to opposite sides of the axial fila- 
ment. A  second peak in the histogram occurs near 20 nm. 
If the distances <5 nm are neglected, the average distance 
between these coplanar connecting points becomes 26  ___ 
10 nm (n =  90). 
The histogram of distances measured along the axial fil- 
ament  between  Z  band  cross  connections  oriented  ,'~90 
degrees with respect to one another is shown in Fig. 6  b. 
Like the histogram of Fig. 6  a, the distances show a  sec- 
ondary peak at 15-20 nm. However, the histogram also re- 
veals that many of the cross connections occur 5 nm or less 
from the attachment points of orthogonal filaments. Cou- 
pled with the near zero peak seen in the coplanar histo- 
gram, this  implies that  as many as four cross-connecting 
Z-filaments can join the axial filament in a distance along 
the filament ~<5 nm. This is consistent with the observation 
of regions of the small square lattice pattern in the 2-nm 
cross section of Fig. 4 d. The average distance between the 
orthogonal Z band cross connections was 14 -  13 nm (n = 
Figure  6.  Histograms  of  distances  between  cross-connecting 
Z-filament attachment points along  an axial filament in the Z 
band. (a) Distances in the Z band between attachment points for 
cross-connecting  Z-filaments  lying  in  the  same  longitudinal 
plane, that is, the plane formed by the axial filament and one of 
its nearest neighbors. The inset indicates how these distances are 
identified. (b) Distances in the Z band between binding points for 
cross-connecting  Z-filaments that lie in approximately orthogo- 
hal longitudinal  planes. The inset shows how these distances are 
identified. 
50), or 18  _+  12 nm (n  =  37) if the peak near zero is ne- 
glected. 
In the I band reconstructions located within ,'.~80 nm of 
the I-Z junction cross-connecting filaments are observed 
to join the thin filaments. The arrangement of the connect- 
ing points appears similar to that in the Z  band, and has 
been analyzed in the same way. Along an axial filament, 
cross-connecting  filaments  in  the  same  plane  average a 
distance of 28 ___ 9 nm (n =  123) apart, if the near zero dis- 
tances due to opposing pairs are neglected. Orthogonal fil- 
aments average 14 ___ 10 nm (n =  47) apart for the full data 
set, or 16  ___ 9 nm (n  =  37) if the distances <5 nm are ne- 
glected. The histograms of the data shown in Fig. 7 reveal 
distributions quite similar to those seen in the Z  band. In 
particular, both histograms show pronounced peaks near 
zero and secondary peaks at 15-20 nm. This is evidence for 
a similar distribution of potential connecting sites in the Z 
and I bands. 
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Figure  7.  Histograms of distances  between  attachment  points 
along an axial filament, for cross connections in the I band. These 
distances  were measured within 80 nm of the I-Z junction.  (a) 
Distances in the I band between binding points for cross connec- 
tions in the same longitudinal  plane.  (b) Distances  in the I band 
between binding  points for cross connections  in approximately 
orthogonal longitudinal planes. 
Discussion 
In our unstimulated rat soleus muscle Z  band reconstruc- 
tions, the Z  band consists of two or three longitudinally 
stacked  repeating  units.  These  repeating  units  approxi- 
mate parallelopipeds with longitudinal dimension averag- 
ing 26  __  10 nm and approximately equal cross-sectional 
dimensions of 20 _+ 3 nm. The histograms of longitudinal 
spacings between planar and orthogonal cross-connecting 
Z-filaments (Fig. 6) suggest the structure of the repeating 
unit. The peaks near zero spacing indicate that as many as 
four cross-connecting filaments may join the axial filament 
within a 5-nm distance. The shaded solid renderings (Fig. 5, 
a and c) show that, sometimes, only one filament may bind 
in a particular region. The 2-nm cross-sectional projection 
of Fig. 4 d  shows that the four-connection binding domi- 
nates  the  current  reconstructions.  A  schematic of the  Z 
band and nearby I band demonstrates this connectivity be- 
tween  interdigitating  pairs  of axial  filaments  (Fig.  8  a). 
This schematic is oriented  similarly to the renderings  of 
Fig.  5,  c  and  d.  In  the  schematic,  four cross-connecting 
Z-filaments (dark gray in figure) bind to the axial filaments 
(white)  in an arrangement of orthogonal pairs. The four- 
fold connecting filament binding sites are separated by 15- 
20 nm along the axial filament. This spacing is consistent 
with the 15-20-nm peaks seen in the histograms of Fig. 6. 
This  connectivity  generates  the  small  square  lattice  in 
cross section with the Z-RIB (dark and white vertical rods) 
joined to or formed by the connecting filaments providing 
the region of higher density between the cross-cut axial fil- 
aments.  If the  Z-RIB is formed by the  cross-connecting 
Z-filaments, they would be forced to take the rather tortu- 
ous path indicated in the schematic (arrows).  This path is 
similar to that suggested by Morris (Morris et al., 1990) for 
the nemaline rod. The relaxed interconnecting body often 
traverses the complete Z  band, with the  gray and white 
vertical rods in the figure forming a continuous path. How- 
ever, we also observe Z  band regions where one or more 
of the vertical rods in the figure are absent (see also Fig. 5, 
a and d). The Z-RIB is also shown to extend vertically be- 
yond the ends of the axial filaments, as seen in Fig. 5. 
An  alternative  connectivity is  implied  by the  average 
values for the  longitudinal  distances  between  cross con- 
nections. The 26 -  10 nm average distance measured be- 
tween coplanar connecting filament pairs along the axial 
filament is about a standard deviation less than the ~38- 
nm longitudinal repeat seen in the power spectrum of lon- 
gitudinal projections of our Z  band reconstructions. This 
"ordered" repeat distance is similar to the 36-nm pseudo 
repeat  of F-actin  and  to  optical  diffraction  results  from 
electron micrographs of longitudinal sections (Huxley and 
Brown, 1967;  Goldstein et al., 1977;  Holmes et al., 1990). 
The 14  ___ 13- or 18  +  12-nm average distances measured 
between  orthogonal cross  connections  are well within  a 
standard  deviation  of  one-half  of  the  ordered  repeat. 
Thus, these average distances are consistent with a struc- 
ture exhibiting an ~38-nm distance between coplanar fila- 
ment pairs, and ~19 nm between orthogonal cross connec- 
tions.  If such  a  relationship  is  postulated,  it  leads  to  a 
connectivity like that schematized in Fig. 8 b.  In that fig- 
ure,  opposing pairs of cross-connecting Z-filaments bind 
to the  axial filament. Successive pairs bind in planes ro- 
tated  90 degrees about the  axial filament. This  arrange- 
ment exhibits a  fourfold screw symmetry similar to that 
seen in the nemaline rod (see below). 
In the actual reconstructions, each repeating unit is seen 
to vary in  a  greater or lesser degree from its neighbors. 
Disorder is apparent in that the axial filaments do not al- 
ways traverse the complete width of the Z  band and may 
also bend  at cross-connecting points.  Further,  the  cross- 
connecting Z-filaments do not meet successive axial fila- 
ments  in  the  same  cross-sectional  plane.  Thus,  nearest 
neighbor  axial filaments have cross-connecting filament- 
binding  sites  that  are  longitudinally  offset from one  an- 
other. The binding sites follow a line ~10 degrees from the 
horizontal in the chevron orientations displayed in Fig. 3, a 
and b and Fig. 5 a. 
In the I  band near the I-Z junction,  filaments are ob- 
served to connect the axially directed thin filaments into a 
disordered  large square array. These are shown as white 
horizontal rods in the schematics of Fig.  8.  As in  the  Z 
band, the I band-connecting regions may have up to four 
cross-connecting filaments binding within  <5  nm, as im- 
Schroeter et al. Three-dimensional  Structure of the Z Band  579 a  7, 
) 
) 
D 
D 
/ 
P 
T 
Zb~d 
I band 
b 
II 
im 
:T 
)  d 
Z  rand 
W 
I  band 
Figure  8.  Schematic  of  the  Z 
band and nearby I band. Oppos- 
ing pairs  of axial  filaments  are 
shown as large diameter vertical 
white rods. In the Z band, they 
are  linked  by  cross-connecting 
Z-filaments (dark gray horizon- 
tal rods) which form or connect 
to the Z band relaxed intercon- 
necting body or Z-RIB, shown 
as dark and white vertical rods. I 
band cross-connecting filaments 
are  shown  as  white  horizontal 
rods. (a) The structure observed 
most often in our Z band recon- 
structions.  White  arrows  indi- 
cate  a  possible  path  cross-con- 
necting  Z-filaments  might  take 
in producing the observed struc- 
ture.  (b)  The  structure  con- 
structed  using  the  average  dis- 
tances between cross-connecting 
Z-filaments. The orientation  of 
this  schematic is similar  to that 
of Fig. 5, c and d. 
plied  by the  histograms  of Fig.  7.  Furthermore,  the  dis- 
tances  between  coplanar  and  orthogonal  connections 
show a  similar  statistical  behavior  to that  seen  in the  Z 
band (compare Fig. 6 a with Fig. 7 a and Fig. 6 b with Fig. 7 
b). Thus, the difference between the array of cross connec- 
tions in the Z  band and in the nearby I band is primarily 
the presence of the relaxed interconnecting body in the Z. 
This implies that the Z-RIB in the Z  band may exist as a 
separate entity, rather than simply as part of a cross-con- 
necting Z-filament. 
The lengths and diameters  of the Z  band filaments ob- 
served in the reconstruction are consistent with known Z 
band  components.  The  axial  filaments  have  an  F-actin 
core  (Yamaguchi  et  al.,  1983b;  Zimmer  and  Goldstein, 
1987a), and in the Z  band appear to be covered by et-acti- 
nin (Tokuyasu et al., 1981; Zimmer and Goldstein, 1987b). 
The N10-nm diameter of the axial filaments in our recon- 
struction  is  consistent  with  this  axial  filament  structure. 
ct-Actinin, a filamentous protein dimer with a diameter of 
~3 nm and a length of 40 nm is a known component of the 
cross-connecting  Z-filaments  (Podlubnaya  et  al.,  1975; 
Reedy et  al.,  1975; Zimmer  and  Goldstein,  1987b).  Fur- 
thermore,  in  vitro  experiments  have  demonstrated  that 
a-actinin can connect neighboring F-actin strands with an 
axial  spacing  like  that  seen  in  Z  bands  (Tskhovrebova, 
1991). If the cross-connecting Z-filaments follow the bend- 
ing path shown in Fig. 8 a, the distance traversed between 
axial filaments would be 40-50 nm. The distance traversed 
between axial filaments in the case of a  direct cross con- 
nection  from  axial  filament  to  relaxed  interconnecting 
body to axial filament is only ~10 nm. Thus, the ot-actinin 
dimer would be forced to wrap around or lie along the ax- 
ial filament for a distance of 15 nm at each end for the di- 
rect connection to be geometrically feasible. Such a geom- 
etry  would  be  consistent  with  the  observation  that  the 
axial filaments are covered by cx-actinin in the Z band. 
The  average Z  band  structure  schematized in Fig.  8  b 
contains a relaxed interconnecting body and four connec- 
tions between it and axial filaments from opposite sarco- 
meres in one longitudinal subunit. A  Z  band containing a 
single longitudinal subunit of this type would therefore yield 
a zig-zag longitudinal projection similar to that observed in 
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1991). Such a zig-zag longitudinal projection would not be 
as easily generated by the structure shown in Fig. 8 a. Nev- 
ertheless, this structure seems to represent the most com- 
mon connectivity seen in our reconstruction, and might be 
called the "mode" structure, as opposed to the "average" 
structure of Fig. 8 b.  For either of these structures, addi- 
tion of subunits along the myofibril axis could construct a 
Z band of any width that is a multiple of the height of the 
subunit,  accounting for the widened  (up to 1,200  nm) Z 
bands seen in nemaline myopathy (i.e., the nemaline rod) 
and in aging dog heart (Goldstein et al., 1977, 1980). 
Electron micrographs of the nemaline rod show a simi- 
lar lattice structure to that seen in 2-D projections of the 
unstimulated  rat  soleus  Z  band.  In particular,  the  small 
square lattice pattern is observed in cross sections of both. 
The nemaline  rod shows  a  pronounced  crystalline order 
over much longer distances than is observed in the rat so- 
leus Z band. Since the nemaline rod disrupts the structure 
of the normal sarcomere, this increased ordering may be 
due to the absence of the normal force transmitting con- 
nections between the Z, I, and A  bands. However, a 3-D 
reconstruction of the nemaline rod by Morris, Nneji, and 
Squire (Morris et al., 1990) is quite similar to the present 
reconstruction. The nemaline rod reconstruction was per- 
formed by direct Fourier techniques on the highly ordered 
nemaline rod, so that the unit cell produced is an average 
over a large portion of the nemaline rod. The average unit 
cell showed a  fourfold screw symmetry of the cross-con- 
necting Z-filaments similar to the behavior (Fig. 8 b) pos- 
tulated  on the  basis of the  average interconnection  dis- 
tances measured in the current reconstruction. In agreement 
with the rat soleus Z  band, the axial filaments from oppo- 
site sarcomeres were found to interdigitate, with four fila- 
ments  from  one  sarcomere  surrounding  one  from  the 
opposite  sarcomere.  Furthermore,  the  cross-connecting 
Z-filaments were seen to form a connecting structure that 
would contain the Z-RIB seen in the present reconstruction. 
However, the  nemaline  rod reconstruction  showed no 
evidence for attachment of more than two cross-connect- 
ing Z-filaments within a short 5-rim region along the axial 
filament. Also, the Z-RIB is often observed to be continu- 
ous through the Z band in the present reconstruction (Fig. 
5, a and c), while the nemaline rod reconstruction reveals a 
regular  interruption  in  the  corresponding  structure  be- 
tween  every other  layer of cross connections.  Addition- 
ally, the nemaline rod reconstruction shows axial filaments 
with a diameter of 15-17 nm, as compared with the 8-12 
nm seen in the Z  band reconstruction. In the rat soleus Z 
band reconstructions, the axial filaments are seen to kink 
or  sometimes  terminate  near  Z  band  cross-connecting 
points.  Most  of  the  axial  filaments,  however,  seem  to 
traverse the entire distance to the opposite I-Z junction, in 
agreement with the nemaline rod reconstruction.  Finally, 
the ~10 degree axial offset between connecting points on 
neighboring axial filaments was not observed in the nema- 
line rod reconstruction.  It should be noted, however, that 
this offset is not always observed in longitudinal  projec- 
tions of the nemaline rod (Goldstein et al., 1980). 
Luther (1991) has completed a 3-D reconstruction of a 
very narrow Z  band from unstimulated fish white muscle, 
using  techniques  similar  to  those  for  the  nemaline  rod. 
This Z  band is highly ordered in cross section, and repre- 
sents perhaps the  simplest Z  structure  since  it reveals a 
single zig-zag structure in longitudinal  section, with little 
interdigitation of the axial filaments. In cross section, this 
Z  band exhibits a lattice pattern closely related to the bw 
pattern  seen  in  tetanized  rat  soleus  muscle.  In  the  fish 
muscle reconstruction the two sets of cross-connecting fil- 
aments, termed the proximal and distal links, are rotated 
with respect to one another by ~80 degrees about the ax- 
ial filament. They join or bind to the axial filament at at- 
tachment points within 5-15 nm along the axial filament. 
The links  directly connect interdigitating  axial filaments 
from opposite sarcomeres. Each axial filament is also con- 
nected to two other axial filaments from the same sarco- 
mere by a "polar link," which may be similar to the I band 
cross connections observed in the rat soleus Z band. No in- 
terconnecting body is visible in the central region of the Z 
band. x-ray diffraction studies of a closely related fish mus- 
cle show evidence for a structural change in the region in- 
cluding the Z band upon activation of the muscle (Harford 
et al., 1994).  Unlike rat soleus muscle, this change is not 
accompanied by an apparent expansion in the Z  band lat- 
tice. However, this observation could result if the muscle 
exhibits  large patches  of the  bw structure  in  the  resting 
state.  The existence of such patches is suggested by the 
large 29-nm Z band spacing observed, as well as by the bw- 
like Z band structures observed in electron micrographs of 
the  similar plaice  fin  muscle  (Harford et  al.,  1994)  and 
Rutilus rutilus white muscle (Luther, 1991). 
A  major difference between both the nemaline rod and 
fish muscle Z band reconstructions and the present recon- 
structions from rat soleus muscle is the much greater dis- 
order seen in the rat soleus structure. This greater disorder 
results in a large part from the absence of averaging in our 
reconstruction by the weighted back-projection technique. 
This technique does not impose a crystalline symmetry on 
the reconstruction, and no average unit cell is generated. 
Hence, the region reconstructed is a particular portion of 
the somewhat disordered Z band lattice (see Figs. 1 and 2). 
It is also possible that some of the disorder in the recon- 
struction is a result of the unstimulated rat soleus Z  band 
not uniformly exhibiting the ss lattice form. This conjec- 
ture is consistent with the observation of small bw patches 
in cross sections of unstimulated rat soleus muscle (Gold- 
stein et al., 1982). 
Irving and Millman (1992) have stated that structural in- 
formation derived from electron microscopy may be inac- 
curate due to unpredictable amounts of differential shrink- 
age of the A and Z bands during preparation for EM. This 
suggestion is offered to explain the  17-25%  discrepancy 
between EM measurements of A  band and Z  band lattice 
spacings  and  Z/A  ratios  in  intact  rat  soleus  muscle  and 
comparative  results  from  x-ray  diffraction  studies  of 
skinned  and  intact  frog sartorius  muscle.  Two  previous 
studies in frog (Yu et al., 1977) and in fish (Harford et al., 
1994)  show agreement between lattice spacings and ratios 
derived  from microscopy and  diffraction.  We  speculate 
that the different observations in frog and rat may reflect 
real differences in lattice spacing between the two muscles. 
Some workers have observed "elastic" filaments (titin), 
connecting the skeletal muscle Z band to other parts of the 
sarcomere (Wang and Ramirez-Mitchell, 1983; Fiirst et al., 
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construction. It may be that they are simply too small in di- 
ameter to be visible in our ~5-nm resolution structure. If 
these filaments do connect to the Z  band, a  likely candi- 
date for the connecting point is the Z-RIB, which appears 
to extend slightly into the I band. A difficulty with this sug- 
gestion is that this relaxed interconnecting body is not visi- 
ble in cross sections of the Z band in the bw form or in the 
reconstruction of the fish muscle Z  band (Luther,  1991). 
Hence, the elastic filament to Z-RIB-binding site would 
have to migrate in the ss to bw transition. Alternately, the 
elastic  filaments might bind  to  the  axial  filament near 
the  I-Z junction.  Such  an attachment could  account for 
the observed decrease in diameter of the axial filaments as 
they enter the Z band. 
The observation of up to four cross connections joining 
to the axial filament within 5 nm is consistent with obser- 
vations from electron micrographs of cross sections. Such 
observations reveal from zero to four cross-connecting fil- 
aments joining to each axial filament in projection images 
(Ullrick et al., 1977;  Goldstein et al., 1982; Yamaguchi et 
al., 1985).  However, the F-actin core of the axial filament 
presents  at  most two  actin  monomers in  this  short  dis- 
tance. A  recent 3-D reconstruction of the et-actinin head 
bound  to F-actin  shows  the  head  region  binding  to two 
nearby  G-actin  monomers  on  filamentous  actin  (Mc- 
Gough et al.,  1994).  Filamentous actin presents only two 
(nearly  diametrically  opposed)  binding  sites  in  ~3  nm. 
Binding sites related by an ~90 degree rotation about the 
filament axis occur every 6-7 subunits or 16-19 nm. If the 
cross-connecting Z-filaments are in  fact  a-actinin,  it be- 
comes difficult to account for our observation of as many 
as four orthogonal cross connections in a 5-nm axial dis- 
tance. However, it should be noted that (a) the symmetry 
of the Z band is not likely to be determined solely by that 
of the F-actin-ct-actinin binding sites since the symmetry 
and arrangement of the Z band is different in insect flight 
muscle (Ashhurst, 1967; Cheng and Deatherage, 1989), in 
fish white muscle (Luther, 1991), and in the present recon- 
struction. All three of these Z  bands have axial filaments 
composed  primarily  of  actin  and  cross-connecting  fila- 
ments whose major component is thought to be a-actinin. 
(b)  Enzymatic  digestion  experiments  with  calpain  have 
shown that the actin-et-actinin interaction in vitro is differ- 
ent than that in the vertebrate Z  band (Goll et al., 1991). 
This suggests that one of the other Z  band proteins may 
influence  the  interaction  (Vigoreaux,  1994),  so  that  the 
structure  of the  Z  band  is  not  determined  only by the 
F-actin-a-actinin interaction.  (¢) In some cases, c~-actinin 
is observed to lie along the  axial filament  (Zimmer and 
Goldstein, 1987b; Luther,  1991).  Thus, the apparent con- 
necting point between a cross-connecting Z-filament and 
an axial filament may not be a strict indication of an actin- 
a-actinin binding site. 
Conclusion 
We have shown that the unstimulated rat soleus muscle Z 
band may be modeled as a set of interdigitating axial fila- 
ments interconnected  in  a  pseudo-fourfold array. Cross- 
connecting Z-filaments bind to axial filaments from oppo- 
site sarcomeres by way of a relaxed interconnecting body 
(Z-RIB). The Z-RIB is parallel to the axial filaments and 
ends near the I-Z junction.  We have also observed that 
from one to four cross-connecting Z-filaments may join the 
axial filament in a 5-nm stretch. Thus, the Z band can not 
reflect simply the symmetry of the F-actin core of the axial 
filament. Furthermore, we observe a longitudinal offset of 
axial filament attachment points, so that the cross-connecting 
filaments lie in a plane not strictly perpendicular to the ax- 
ial filaments. This suggests that the axial filaments are not 
in  longitudinal  register  inside  the  Z  band.  Interestingly 
enough, our reconstructions show a set of cross connecting 
filaments joining axial filaments from the same sarcomere 
in the I band near to the Z. The distances between con- 
necting points for these cross connections show a distribu- 
tion similar to that observed in the Z band. 
Our Z band reconstructions also reveal that all axial fila- 
ments  do  not  traverse  the  complete  Z  band.  Some  are 
observed  to  terminate  before  seeking  the  opposite  I-Z 
junction. It is possible that the disorder seen in our recon- 
structions  reflects  a  physiological state  of the  muscle in 
which the Z  band has not completely made the transition 
to the ss lattice. 
It is  difficult,  however,  to  reconcile  easily our  recon- 
structed  motif with  the  structural  transitions  previously 
observed in rat soleus muscle. When fixed with the muscle 
in tetanus, the Z  band is seen to exhibit the bw pattern in 
cross section, with an enlargement of the Z spacing to ~24 
nm (Goldstein et al., 1986).  In this lattice form, there is no 
evidence in projection for a region of protein density half- 
way  between  the  axial  filaments.  The  cross-connecting 
Z-filaments appear to connect axial filaments from oppo- 
site  sarcomeres in  cross-sectional projections  of this  bw 
lattice.  Thus,  ass  to bw transition  seems to require  the 
elimination of the Z-RIB. 
It is possible that the  cross-connecting Z-filaments do 
not attach directly between axial filaments from the same 
sarcomere, but follow a bending path by binding to an ax- 
ial filament, binding to or lying along another cross-con- 
necting Z-filament, and then binding to an axial filament 
from the opposing sarcomere as illustrated in Fig. 8 a. In 
this case, the cross-connecting Z-filaments would separate 
along the length of the Z-RIB during the transition. The 
distance traversed between the axial filament attachment 
points  becomes  17-30  nm in  the  bw lattice,  so that  the 
cross-connecting Z-filament would  have to wrap  around 
or lie along each axial filament for a distance of 5-12 nm 
after the  transition.  Alternately,  cross-connecting  Z-fila- 
ments could connect directly between axial filaments from 
the same sarcomere, with the Z-RIB providing an indirect 
attachment  between  the  opposite sarcomeres. Then,  the 
ss-bw transition would require a rearrangement in which 
the Z-RIB would be eliminated and cross-connecting fila- 
ments would be released to seek binding sites on axial fila- 
ments from opposing sarcomeres. It is apparent in either 
case that the structural change required for the transition 
implies a dynamic role for the Z band during contraction. 
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